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1. Introduction

YBCO coated conductors are being considered as the next generation or second
generation high temperature superconductors [1-4]. When using YBCO coated conductors for
AC electrical devices, low AC loss is important. The AC loss reduction of YBCO coated
conductors is particularly crucial for their application to airborne electrical devices operated at
high frequencies [5]. However, the wide cross-sectional shape of the usual YBCO coated
conductors is a disadvantage from the viewpoint of AC loss: when a thin strip of
superconductor, such as a usual YBCO coated conductor, is exposed to the AC transverse
magnetic field perpendicular to its wide face, a large magnetization loss is generated [6, 7].
One means of reducing the magnetization loss is the introduction of multifilamentary
structure.

In this research project, first, the AC loss characteristics of multifilamentary YBCO
coated conductors were studied experimentally. Striated multifilamentary YBCO coated
conductors with 20 or 40 filaments were prepared by AFRL. Using these samples, the AC loss
reduction by striation was demonstrated at high frequencies, and the detailed AC loss
characteristics of multifilamentary YBCO coated conductors were studied. The influence of
superconducting bridges between filaments on AC loss was also studied using another set of
striated multifilamentary samples. Second, the AC loss characteristics of various
multifilamentary YBCO coated conductors in a wide range of operating conditions were
studied numerically. The frequency, the transverse resistance between filaments, the number
(width) of filaments and the sample length were varied, and their influences on the AC loss
were studied. The numerical results were compared with the experimental results.

Experiments were conducted and calculations were made for flat finite-length
multifilamentary YBCO coated conductors (Fig. 1.1(a)). It should be noted that a finite-length
sample with a length L simulates a half pitch of a twisted infinitely-long multifilamentary
YBCO coated conductor that has a twist pitch of 2L (Fig. 1.1(b)) with respect to the shielding

current path against the transverse magnetic field.



Fig. 1.1 Flat finite-length multifilamentary YBCO coated conductor (a) and half pitch
of twisted infinitely-long multifilamentary YBCO coated conductor (b).



2. Experimental characterization of AC loss of striated multifilamentary
YBCO coated conductors [8, 9]

2.1 Prepared samples

Specifications of the prepared samples are listed in Table 2.1. A laser ablation technique
was used to striate the samples [10]. Samples ST20 and NSa were cut from a longer piece of
conductor whose end-to-end critical current was 132 A. Samples ST40, NSb, ST20-WOB,
ST20-MID, ST20-ALT and ST20-ZIP were cut from another longer piece of conductor whose
end-to-end critical current was 173 A. The silver protective layer, YBCO layer, and buffer
layer were cut through by the laser with parallel cuts. Images of the whole sample and
micrograph images of filaments and grooves between filaments are shown in Fig. 2.1 (sample
ST20) and in Fig. 2.2 (sample ST40).

Using a sample set consisting of samples ST20, NSa, ST40 and NSb, the effect of
striation on AC loss reduction were demonstrated, and the detailed AC loss characteristics of
multifilamentary YBCO coated conductors were studied. Sample ST20 was originally 100
mm long. We refer to it as ST20L. For AC loss measurements, shorter piece was cut from
sample ST20L: 26.5 mm long ST20S. Sample ST40 was originally 100 mm long. We refer to
it as ST40L. For AC loss measurements, shorter pieces were subsequently cut from sample
ST40L: 50 mm long ST40M and 25 mm long ST40S.

Samples ST20-WOB, ST20-MID, ST20-ALT and ST20-ZIP were with different pattern
of bridges between filaments. All of these samples are 100 mm long. Using this second set of

samples, the influence of superconducting bridges between filaments on AC loss was studied.

2.2 Experimental method

A schematic view of the experimental setup for AC loss measurements is shown in Fig.
2.3(a) [11]. The entire system was cooled in liquid nitrogen. A sample was placed inside the
bore of a dipole magnet that generated an AC transverse magnetic field. The magnetization
loss was measured using a linked pick-up coil (LPC) [11]; a schematic view of the LPC is
shown in Fig. 2.3(b). The height, length of one turn along the sample axis, and number of
turns are denoted by h, L, and N, respectively. The magnetization loss per unit length of the
sample per cycle, Qn, is given as

hH rmst in,rms
n = C— i (2.1)
NLf

where C is the calibration constant of the LPC, Hns is the rms of the applied magnetic field,
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Vminms 1S the rms of the loss component of the output voltage of the LPC measured by a
lock-in amplifier, and f is the frequency of the applied magnetic field. The cross-sectional
dimension and total length of the LPC used were 33 mm x 33 mm and 48 mm, respectively.
Previous research confirmed that C is not substantially influenced by either a sample width up
to 10 mm or the sample orientation. The value of C can be fixed at 2.0 for this given size of
the LPC when the sample is sufficiently long as compared to the total length of the LPC. In
the case when the sample was shorter than the total length of the LPC, the measured loss was
approximated using a correction factor based on the ratio between the total length of the LPC
and the sample length. In all experiments reported here, the magnetic field is perpendicular to
the wide face of conductor.

The critical current of the sample was measured by a four-probe method. The current
was supplied to all filaments, and the voltage between the two voltage taps that were attached
to selected filaments was measured [8]. The critical current was measured after measuring the
AC loss in order to avoid any soldering influence on the AC loss measurement. Soldering of
the current leads at both ends will definitely affect the measured AC loss since the solder will

act as an alternate interfilamentary current path.

2.3 Experimental results and discussion

2.3.1 Effect of striation on AC loss reduction and detailed AC loss characteristics of
multifilamentary YBCO coated conductors
First, the measured magnetization losses Qn of non-striated monolithic samples NSa
and NSb were plotted against the amplitude of the transverse magnetic field in Figs. 2.4(a)
and 2.4(b), respectively. Qg is the analytical value per unit length of the conductor per cycle
for the non-striated monolithic conductor or completely-coupled striated multifilamentary
conductor [12]:

H
Qc,BI = :uOWcz‘]cctH ' g(H_]! (22)

where w, is the width of conductor, J..= I/wct (t is the thickness of the YBCO layer), Hec =
I/ 7we, and g(x) is the function given by equation (2.3):

g(x) = (2/x)Incosh x — tanh x. (2.3)
The Qn, of sample NSa and that of sample NSb closely follow the analytical plot of Qg in

the large field region, although Qn, of sample NSa deviates from Qg in the small field region.

Such deviations have been reported previously, and one of the possible causes is a



non-uniform lateral J. distribution [13]. It is important to note that the Qn, of these monolithic
samples is almost frequency independent.

The measured magnetization losses Qn of striated multifilamentary samples ST20 and
ST40 were plotted against the amplitude of the transverse magnetic field in Figs. 2.5 and 2.6,
respectively. Q:p, is the analytical value per unit length of the conductor per cycle for the

decoupled striated multifilamentary conductor assuming isolated filaments [12]:

Qe = LW, I tH - g(ijnf, (2.4)
Hcf

where wr is the width of filament, Jis = Io/wsndt (ng is the number of filaments), and H¢ =
I/ 7weng. The Qm of striated multifilamentary samples shown in Figs. 2.5 and 2.6 is much
smaller than Qc g, except in the small field region which is of lesser interest from a practical
point of view, indicating the effect of multifilamentary structure to reduce the magnetization
loss. Although frequency dependent, it is rather close to Q:g in the large field region at f =
11.3 Hz. Qg is the sum of the magnetization loss of isolated strip of superconductor--the
influence of the neighboring filaments is neglected. Mawatari calculated the magnetization of
an infinite array of superconducting strips based on the critical state model and pointed out
that the magnetization loss of a strip is influenced by the magnetization of neighboring strips
[14, 15]. Therefore, Qg Will contain an error especially when the magnetic field is small [14,
15], and this is the reason for the deviation of Qsg, from Qy, in the small field region. In these
figures, Qm decreases with decreasing sample length. In shorter samples, frequency
dependence in Qn, disappears.

Next, we compare the measured magnetization losses of non-striated samples and
striated samples with various length more quantitatively using normalized loss plots. Here,
equation (2.3) can be transformed to the following expression:

2B, % aw? H H
Qc,Bl = L 5 {Q(HCC J/[Hcc j}’ (2-5)

where By, = oHm. If Q¢ g1 is normalized by

2B % mw’
Ho 2

, (2.6)

and is plotted against the normalized magnetic field, H / Hc, this normalized loss is
independent of the critical current. This is done in Fig. 2.7(a) for the Qn of samples NSa,
ST20L, & ST20S and in Fig. 2.7(b) for the the Qn, of samples NSbh, ST40L, ST40M, & ST40S
as well as for Q¢g and Qrg), where f = 11.3 Hz, 72.4 Hz, and 171.0 Hz. For example, the



measured magnetization losses of samples ST20L and ST20S are respectively 8.9 % and
7.8 % of that of sample NSaat H/ H,. = 8.8 and f = 11.3 Hz.

To view the frequency-dependent loss component of the striated multifilamentary
samples from another perspective, (QmsQm 113 Hz)/(f-11.3) is plotted against oHm in Fig.
2.8(a) for sample ST20L and in Fig. 2.8(b) for samples ST40L & ST40M, where Qn+ is the
measured magnetization loss at f. All readings of each sample collapse to one line that is
proportional to (uHm)?: the proportionality coefficients are 1.94 x 10°® J-m™.s.(mT)?.cycle™
for sample ST20L, 1.56 x 10® J-m™s.(mT)?cycle® for sample ST40L and 3.01 x 10°
Jmts(mT)2cycle® for sample ST40M, respectively, where the unit of uHm is mT.

Therefore, the Qm¢ values of these three samples are given as

Qus =1.94x107°(,H,, ) (f =11.3)+ Q114,, fOr ST20L, (2.7)

Q¢ =1.56x107°(1oH , )* (f —11.3)+ Qu1154, TOr STAOL, (2.8)
and

Qu ¢ =3.01x107°(oH,, ) (f =11.3)+ Q,1140, fOr STAOM, (2.9)

respectively.

In the following, more detailed analysis is made for sample ST40. Using equations
(2.8) and (2.9), Qm,o, which is the hysteretic loss component, in principle, can be obtained.
These extrapolated Qm values are shown in Fig. 2.9. Then, using this Qmo, (Qm - Qmo)/f/L?
is plotted against Hm in Fig. 2.10. All readings again roughly collapse to one line, and the
proportionality coefficient is 1.4 x 10° J-m™.s.(mT)?.cycle™, where the unit of zHy, is mT.
Finally, an expression to estimate the magnetization loss of ST40 for arbitrary L, f, and oHn
IS obtained as

Ques(Ls T, spH ) =LAX10° L (1gH )7 + Qo (1H,,), (2.10)
where the transverse resistance between filaments is unknown but is assumed to be constant.
Qmo(oHm) is given as Fig. 2.9, but in a high field region, we can roughly but conveniently
substitute Qg instead, whose analytical expression is provided [8, 12]. Generally, the
coupling loss per cycle is proportional to f when f is below 1/2 7z, where z is the coupling
time constant.

If the field amplitude is reduced, we can widely vary the frequency with a given output
voltage of the power supply and a given impedance of the magnet generating the applied
magnetic field. In Fig. 2.11(a), Qm of samples ST40L, ST40M, and ST40S are plotted against
frequency up to 1 kHz, where oHm = 0.5 mT or 1.0 mT. In Fig. 2.11(a), Qn is apparently



proportional to frequency in the high frequency region. With decreasing frequency, a loss
component that is independent of frequency appears. It is most remarkable in ST40S. This
frequency-independent component should be the hysteretic loss in each filament. With
increasing frequency or with increasing sample length, a coupling loss component becomes
dominant, and then, the loss becomes proportional to frequency. Fig. 2.11(b) shows a plot of
Qnm divided by L%(Hm)?. In a high frequency region where the coupling loss component is
dominant, all readings roughly collapse to one line and are proportional to frequency f. The
measured loss is dominated by the coupling loss component that is proportional to L2(zoHm)f.

We define the loss reduction ratio £ as follows:

B=0aQy/Q, (2.11)
where Qs and Qs are the magnetization losses of striated multifilamentary and reference
non-striated monolithic YBCO coated conductors, respectively, and « is a correction factor
for reduction of critical current due to striation which is given as

a=1 ./l (2.12)
Here, I.ns and I are the critical currents of the reference non-striated monolithic and striated
multifilamentary YBCO coated conductors, respectively. The experimentally observed value
for Bis aQm/Qc.n, Whereas the theoretically expected value in the case of complete decoupling
is given as aQxn/Qcn. Here, Q.n and Qs are the magnetization losses of the monolithic and
completely-decoupled multifilamentary YBCO coated conductors calculated by the
one-dimensional FEM model (see 3.1) using the particular values of Ic,s and lcs. These
experimental and theoretical values are plotted against goHm in Fig. 2.12, where I is 100 A
and three values of I s are assumed: 100 A which equals I.s, 125 A based on an identical
critical current density in the multifilamentary and monolithic conductors, and 173 A which is
the original end-to-end critical current. In sample ST40M, the measured gis less than 5% at a
high field region even at 72.4 Hz, whereas the theoretical g for a completely decoupled state

is approximately 2%.

2.3.2 Influence of superconducting bridges between filaments on AC loss

In Fig. 2.13, the measured magnetization losses Qn, of samples ST20-WOB, ST20-MID,
ST20-ALT and ST20-ZIP were plotted against the field amplitude. No major difference can be
seen between the AC loss characteristics of these samples without and with various types of
bridges. The striation for AC loss reduction is still effective even with the superconducting

bridges between filaments. The detailed data analysis was made by AFRL.



Table 2.1 Specifications of measured samples.

ST20 NSa ST40 NSb
(AFRL200310B)  (AFRL200310A)  (AFRL2004A2) (AFRL2004A0)
Width of 10 mm 10 mm 10 mm 10 mm
conductor
N_u mber of 20 (monofilament) 40 (monofilament)
filaments
Width of
filament 400 um N/A 200 pum N/A
Width of groove
between 100 um N/A 50 um N/A
filaments
Thickness of
YBCO layer 1.4 um 1.4 um 1.4 um 1.4 um
Thickness of
silver protective 5.1 um 5.1 um 5.1 um 5.1 um
layer
Critical current 110 A 184+ 3 A 100 A 164 A
ST20-WOB ST20-MID ST20-ALT ST20-ZIP
(AFRL2004A1) (AFRL2004A3) (AFRL2004A4) (AFRL2004A5)
Width of 10 mm 10 mm 10 mm 10 mm
conductor
Number of 20 20 20 20
filaments
Bridges One 200 um  Two alternating :
between None bridges inthe 200 um bridges lepe_r pattern
X ) bridges
filaments middle per groove
Width of
filament 400 um 400 um 400 um 400 um
Width of groove
between 100 um N/A 50 um N/A
filaments
Thickness of
YBCO layer 1.4 um 1.4 um 1.4 um 1.4 um
Thickness of
silver protective 5.1 um 5.1 um 5.1 um 5.1 um
layer
Critical current (173 A)* (173 A)* (173 A)* (173 A)*

* Substrate of all samples is Hastelloy, and their buffer layer is non-conducting.
# End-to-end critical current of original longer conductor before striation.



Fig. 2.1 Images of sample ST20. Fig. 2.2 Images of sample ST40.

(a)
Dipole magnet
Sample \jagnetic field P ’
v
. Rc_Jtation
Pick-up coil - compensation coil
(b)
Sample
Pick-up coil
Applied
magnetic field
Fig. 2.3 Experimental setup: a schematic view of the entire setup (a) and the linked

pick-up coil (LPC) (b).
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3. Numerical characterization of AC loss of multifilamentary YBCO

coated conductors [9, 16]

3.1  Numerical method

Two numerical models were used in the analysis: one-dimensional FEM model to
calculate the current distribution across an YBCO coated conductor [8, 17] and
two-dimensional FEM model to calculate the current distribution in the wide face of a
finite-length multifilamentary YBCO coated conductor [18]. Using the one-dimensional
model, the magnetization loss of monolithic conductor and completely decoupled
multifilamentary conductor can be calculated. Using the two-dimensional model, the
magnetization loss of multifilamentary conductor at partially decoupled state can be
calculated: frequency-dependent AC loss characteristics of multifilamentary conductor can be
studied. In both models, the superconducting property was given by a power law E-J

characteristic [19],

J n
E= E{—j : (3.1)
J.
where Eo = 1 x 10™ V/m. The equivalent resistivity of superconductor was derived as
n-1
E E,(J
— =0 2| 3.2
P =] 3, [ 3 j (3.2)

Ohm’s law with this equivalent resistivity was used as the constitutive equation to solve
Maxwell's equations. The current vector potential T defined as
J=VxT, (3.3)
was used instead of the current density J for the formulation. The current density component
normal to the conductor was neglected, and only the magnetic field component normal to the
conductor was considered. Thus, T had a component normal to the conductor alone.
In the one-dimensional FEM model, the governing equation derived from Maxwell's

equations was

t oB
0 O __0fHds L.ﬂdy- _ P (3.4)
2r S y-y oy ot
where y is the coordinate in the lateral direction of the conductor, p is the resistivity which is
equal to ps given by equation (3.2) in superconductor, t; is the thickness of the YBCO layer,

and By is the externally applied magnetic field component normal to the conductor. The first
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term on the right side of equation (3.4) was the contribution of the self magnetic field. The
cross-sectional models of the conductor for the analysis are shown in Fig. 3.1.

In the two-dimensional FEM model, the governing equation derived from Maxwell's
equations was

Vx(pVxnT)-n :_:L;o;s %IL {Vx(n:'g)}xr.n ds_aaBto n (35)
where r is the vector from the source point to the field point, and n is the normal vector to the

wide face of the conductor. The two-dimensional region for analysis in the wide face of a
finite-length YBCO coated conductor is shown in Fig. 3.2. In superconductor, p is ps given
by equation (3.2), and, in grooves between filaments, p is set at a constant value o, assumed

as

Pne = R ) (36)

L
9 Wg
where Ry is the transverse resistance between two filaments for meter (see Fig. 3.3).

In each model, a system of nonlinear equations was obtained by discretizing equations
(3.4) or (3.5) spatially by the finite element method and was solved iteratively using a

relaxation method.

3.2  Numerical results and discussion

3.2.1 AC loss characteristics of various multifilamentary YBCO coated conductors in a
wide range of operating conditions

The specifications of multifilamentary and monolithic conductors for calculations are
listed in Table 3.1. The specifications were varied widely to clarify the potential of
multifilamentary YBCO coated conductors. In the following, the calculated results using the
two-dimensional model are given, unless it is mentioned that the results were calculated by
the one-dimensional model. Except the analysis whose results are shown in Figs. 3.9, 3.14
and 3.15(b), L was fixed at 100 mm. Except the analysis whose results are shown in Figs. 3.10
and 3.11, w, was fixed at 10 mm.

Fig. 3.4 shows magnetic flux contours of a multifilamentary YBCO coated conductor
exposed to a transverse magnetic field at f = 10 Hz, 1 kHz, and 100 kHz, where oHm = 50 mT,
ot = 90 degrees, L = 100 mm, Ry = 1 pQ, ns = 20, ws = 400 um and wy = 100 um. Half of 100
mm-long conductor is shown in this figure; right side in the figures is conductor center.
Lateral cuts of Figs. 3.4(a) and 3.4(c) are shown in Fig. 3.5(a): the distributions of magnetic

flux density across the center of the multifilamentary YBCO coated conductor with Ry = 1 uQ
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at f = 10 Hz and 100 kHz. Fig. 3.5(b) is the distributions of magnetic flux density of another
conductor with Rg = 100 pQ at f = 10 Hz and 1 MHz. In these figures, the filaments are
decoupled completely and the shielding current flows inside each filament when the
frequency is 10 Hz for both conductors with Ry = 1 pQ and 100 pQ; on the other hand, the
filaments are coupled and the shielding current flows across the transverse resistance between
filaments at 100 kHz for the conductor with Ry = 1 uQ and at 1 MHz for the conductor with
Ry = 100 p€, respectively.

This change in the magnetic flux distribution results in frequency-dependent
magnetization loss characteristics: the magnetization losses and loss components are plotted
against frequency in Figs. 3.6(a) and 3.7(a) for Ry = 1 uQ and 100 u€, respectively, where
amplitude of the magnetic field Hm is 50 mT. Here, Q. is hysteretic loss in superconducting
material, Qc, is coupling loss, Qmg is total magnetization loss of YBCO coated conductor, and
Qr1p IS the magnetization loss at a completely decoupled state calculated using the
one-dimensional model; Qc..p is the magnetization loss of the reference monolithic conductor.
In Fig. 3.6(a) where Ry = 1 p€, Qcp is proportional to frequencies below 500 Hz, while above
500 Hz, it decreases with decreasing frequency. Qsc and Qmg approach Qs1.p with decreasing
frequency and approach Q. .-p with increasing frequency. The characteristic frequency where
Qcp reaches its maximum increases with increasing Ry: it is around 10° Hz when Ry = 100 uQ
as shown in Fig. 3.7(a). In Figs. 3.6(b) and 3.7(b), Qmg are plotted against oHm at various
frequencies where Ry = 1 pQ and 100 p€, respectively: Qmg increases with increasing
frequency, and this increase is more remarkable at higher field amplitude. When Ry = 100 p€2,
Qmg at f = 50 Hz calculated by the two-dimensional model closely follows Qs 1.0 which gives
the loss at a completely decoupled state; at xHm = 0.5 T and f = 500 Hz, for example, Qg is
substantially larger than Qr1.0. More increase in Ry is required for AC loss reduction at higher
frequency and higher magnetic field.

The influence of the Ry on AC loss characteristics was studied in detail. Fig. 3.8(a)
shows the frequency dependence of Qc,, Where woHy is fixed at 50 mT, and Ry is 1 mQ -1
nQ. Qg Is inversely proportional to Ry below a characteristic frequency yielding the
maximum in Qcp-f curve. The characteristic frequency increases with increasing frequency. In
Fig. 3.8(b), Qmg is plotted against toHm at various values of Ry when f = 50 Hz.

In Fig. 3.9, Qcp/(szle) is plotted against zoHy, for various conditions listed in Table
3.2. All data fit very well to one line, which is proportional to (zHm)?, and the proportionality

coefficient is 7.8 x 10 J-m®s.Q-(mT)%cycle™, where the unit of wHpn is mT. Then, an
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expression to estimate the coupling loss for arbitrary L, Ry, f, and wHnm is obtained as

Q, (LR, fu,H )=7.8x10"*(L" /R ) f(u,H, )" (3.7)
In low-frequency region where filaments are almost decoupled, the magnetization loss can be
estimated by the sum of Qc, given by equation (3.7) and Qs in a region of relatively high
magnetic field, because the error in Qg iS not very large when gHn is large. This is
interesting from a practical point of view.

The influence of number of filaments and width of conductors is shown in Figs. 3.10
and 3.11 for Ry = 1 puQ and 100 pQ, respectively; the conductors with 20, 10, or 5 filaments
are 10 mm wide, and the conductor with 8 filaments is 4 mm wide. Qmg at zoHm = 50 mT is
plotted against f in Figs. 3.10(a) and 3.11(a); Qsc and Qcp at xoHm = 50 mT are plotted against f
in Figs. 3.10(b) and 3.11(b); Qmg at zoHm = 0.5 T is plotted against f in Figs. 3.10(c) and
3.11(c); Qsc and Q¢ at uoHm = 0.5 T are plotted against f in Figs. 3.10(d) and 3.11(d); Qmg at f
= 50 Hz is plotted against gHm in Figs. 3.10(e) and 3.11(e). The values of Qc, in all the
conductors are almost equal when the filaments are decoupled: Qcp, is almost independent of
the number and width of filaments. Qs is proportional to the filament width when the
filaments are decoupled and is proportional to the conductor width when the filaments are

coupled.

3.2.2 Comparison between measured and calculated magnetization losses

The measured and calculated magnetization losses were compared with each other for
samples ST20 and ST40. In Figs. 3.12 and 3.14, measured Qu/L%(uoHm)? is plotted against
frequency for samples ST20 and ST40, respectively. In these figures, Qm/L*/(uoHm)? is
apparently proportional to frequency in the high frequency region. The transverse resistance
between filaments Ry was estimated by the comparison between the measured loss and the
loss calculated by the two-dimensional FEM model where L = 100 mm: pnc (Rg) was varied in
the calculation to fit the calculated losses to the measured losses in Figs. 3.12 and 3.14. The
calculated losses best fit to the measured loss when Ry = 4 uQ for sample ST20 and Ry = 3
uQ for sample ST40, respectively. Next, the field amplitude was varied widely, and the
magnetization losses of samples ST20L and ST40L were calculated for f = 11.3 Hz, 72.4 Hz
& 171.0 Hz, using the two-dimensional FEM model where Ry were set at the above fitted
values. The calculated hysteretic losses in the low field region contain large numerical error,
because the number of elements across each filament is limited. Therefore, the calculated

losses of samples ST20L and ST40L are plotted against sHm over 20 mT in Figs. 3.13(a) and
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3.15(a), respectively. The calculated magnetization losses reasonably agree with the measured
magnetization losses. The coupling losses contain less error even in the low field region,
because their accuracy does not depend on the number of element across each filament. In
Figs. 3.13(b) and 3.15(b), the measured and calculated (Qms - Qmo)/f/L? are plotted against
LoHm for samples ST20 and ST40, respectively. It is to be noted that L was set at 100 mm and
50 mm in the calculations for Fig. 3.15(b). The measured values of (Qms - Qmo)/f/L? agree
well with the calculated plots indicating that measured "Qms - Qmo" is indeed the coupling

loss component.
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Table 3.1 Specifications of multifilamentary and monolithic conductors for calculations.

Multifilamentary Monolithic
Length of conductor L (m) 25x107-1.0x 107 1.0x 10"
Width of conductor w (m) 4.0x10°-1.0 x 10 1.0 x 10%
Thickness of YBCO layer ts (m) 1.0 x 107 1.0 x 107
Critical current density J. (A) 2.0 x 10% 1.6 x 10%°
n value 20 20
Width of filament ws (m) 40%x10*-1.6x 1073 N/A
Width of groove between filaments wy (m) 1.0 x 10— 4.0 x 10™ N/A
Number of filaments ns 5-20 N/A
Transverse resistance between filaments
1.0x10°-1.0x 10° N/A

per meter Ry (Q2)

* The ratio of the width of filament with the width of groove is identical in all conductors.

Table 3.2 List of various conditions for analysis for scaling of coupling loss.

ID Frequency f

Length of

conductor L

Transverse resistance between

filaments per meter Ry

50 Hz
100 Hz
1000 Hz

50 Hz

50 Hz

50 Hz

50 Hz
100 Hz
100 Hz

© 00 N o o b~ W N -

100 mm
100 mm
100 mm
100 mm
100 mm
50 mm
25 mm
50 mm

25 mm

1.0x10*Q
1.0x10*Q
1.0x10*Q
1.0x10°Q
1.0x10°Q
1.0x 104 Q
1.0x 104 Q
1.0x10°Q
1.0x10°Q
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Fig. 3.4 Magnetic flux contours of multifilamentary YBCO coated conductor exposed

to transverse magnetic field, where oHmn = 50 mT, ot = 90 degrees, L = 100
mm, Ry = 1 pQ, ns = 20, ws = 400 um and wg = 100 um. Half of 100 mm-long
conductor is shown (right side in figures is conductor center).
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4.  Summary

The reduction of the magnetization losses by the multifilamentary structure was
demonstrated successfully. The measured magnetization losses of multifilamentary YBCO
coated conductors apparently contain a hysteretic loss component in which the dissipated
energy per cycle is independent of frequency and a coupling loss component in which the
dissipated energy per cycle is proportional to frequency. Experimental results show that the
striation for AC loss reduction is still effective even with the superconducting bridges between
filaments.

Using the two-dimensional FEM model for electromagnetic field analysis of coated
conductors, the AC losses at various conditions were calculated numerically. The calculated
losses are typical frequency-dependent AC characteristics of multifilamentary
superconductors. The transverse resistances between filaments in the measured samples were
determined through the comparison between the measured and calculated magnetization
losses at small field amplitude. The magnetization losses calculated in a wide range of field
amplitude using these transverse resistances reasonably agree with the measured

magnetization losses.
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